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ABSTRACT 

Experimental  measurement*  of  the  performance  and  the  heat  transfer 
rates  of  liquid -propellant  rocket  motors  operating  at  combustion  pressures 
of  1000  psia  and  1500  psia  have  been  made  with  the  WFNA-ammonia  and 
the  RFNA(15%  N^Q^J-ammonia  propellant  combinations  at  mixture  ratios 
(oxidizer/fuel  by  mass)  ranging  from  1.  0  to  3.4.  The  rocket  motors  were 
convectively  water-cooled  and  had  nominal  values  of  thrust  =  500  lb,  L*  = 
100,  and  contraction  ratio  *  18;  the  expansion  ratios  of  the  nozzles  were 
such  as  to  give  approximately  optimum  expansion  to  14.  5  psia  atmospheric 
pressure.  The  injectors  were  of  the  triplet  type  with  six  impingement 
points.  The  highest  values  of  performance  and  heat  transfer,  which  were 
obtained  at  mixture  ratios  between  2.  0  and  2.  3,  were  as  follows  ((or  com¬ 
bustion  pressures  of  1000  psia  and  1500  psia  respectively):  specific  im¬ 
pulse  ■  237  lbj.  sec/lbm  and  244  lb^.  sec/lbm>  specific  impulse  corrected 

for  heat  transfer  ■  242  lb#.  sec/lb  and  250  lb-,  sec/lb  ,  characteristic 

I'm  f  '  m 

velocity  «  4980  ft/sec  and  5040  ft/sec,  thrust  coefficient  *  1.53  and  1.56, 

.  2 

average  heat  transfer  rate  in  the  combustion  chamber  »  2.9  Btu/in.  •  sec 
2 

and  3.  5  Btu/in.  *  sec,  and  average  heat  transfer  rate  in  the  nozzle  = 

7.0  Btu/in.  sec  and  9.  0  Btu/in.  *  sec.  It  was  found  possible  to  regener- 
atively  cool  the  rocket  motor  employed  for  the  experiments  at  1000  psia 
combustion  pressure  by  using  the  oxidizer  (RFNA)  to  cool  the  combustion 
chamber  and  the  fuel  (ammonia)  to  cool  the  nozzle. 
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INTRODUCTION 

This  report  presents  experimental  measurements  of  performance  and 
heat  transfer  which  were  made  as  part  of  a  continuing  program  of  propel¬ 
lant  evaluation  which  has  as  its  purpose  the  gathering  of  performance  and 
heat  transfer  data,  as  well  as  rocket  motor  design  and  operating  infor¬ 
mation,  at  combustion  pressures  up  to  2000  psia  using  propellant  combi¬ 
nations  of  current  interest.  The  propellant  combination  used  in  previous 
experiments  under  this  program  was  white  fuming  nitric  acid  (WFNA)  and 
jet  engine  fuel  (JP-4).  The  results  of  the  experiments  with  WFNA  and 
JP-4,  which  were  conducted  at  combustion  oressures  ranging  from  300  psia 
to  2250  psia,  were  report  >d  in  Reference  1. 

The  experiments  reported  herein  were  conducted  at  nominal  combustion 
pressures  of  1000  psia  and  1500  psia  using  the  following  two  propellant 
combinations:  (1)  white  fuming  nitric  acid  {WFNA)  as  the  oxidizer  and 
anhydrous  ammonia  as  the  fuel  and  (2)  red  fuming  nitric  acid  (RFNA)  con¬ 
taining  15  per  cent  as  the  oxidizer  and  anhydrous  ammonia  as  the  fuel. 

The  latter  propellant  combination  has  been  investigated  previously  at  com¬ 
bustion  pressures  ranging  from  750  psia  to  2160  psia;  the  previous  investi¬ 
gation,  which  employed  rocket  motors  having  approximately  250  lb  thrust, 
was  reported  in  Reference  4. 

A  different  rocket  motor  was  used  for  each  of  the  two  levels  of  com- 

♦ 

bustier  pressure  so  that  the  same  values  of  thrust,  L  ,  and  contraction 
ratio  could  be  maintained.  The  motors  were  convectively  water-cooled 
except  during  two  tests  at  1000  psia  combustion  pressure  in  which  regener¬ 
ative  cooling  was  employed.  Firing  runs  of  between  one  and  two  minutes 
duration  were  made  during  which  the  mixture  ratio  was  varied  while  hold¬ 
ing  the  combustion  pressure  near  the  desired  value  of  either  1000  psia  or 
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1500  psla,  Measurements  were  made  of  specific  Impulse,  characteristic 
velocity,  thrust  coefficient,  averago  heat  transfer  rata  in  the  combustion 
chamber,  and  average  heat  transfer  rate  in  the  noaala,  at  mixture  ratios 
(oxldlaer/fuel  by  mass)  ranging  from  1 . 0  to  5,4. 

EXPERIMENTAL  APPARATUS,  PROCEDURES,  AND  INSTRUMENTATION 
Two  rocket  motors  were  employed  for  tha  investigation  of  nitric  acid 
and  ammonia,  Except  for  minor  modification*  the  motor  with  which  the 
experiments  at  1000  psla  combustion  pressure  were  conducted  was  similar 
»-  that  employed  for  conducting  the  investigation  of  WFNA  and  JP-4  at 
1000  paia  combustion  prasiura  raportad  in  Reference  2,  The  rocket  motor 
with  which  the  experiments  at  1500  psla  combustion  pressure  were  conducted 
was  the  on*  utilised  In  th#  investigation  of  WFNA  and  JP-4  at  1400  peia  com¬ 
bustion  pressure  reported  In  Reference  5.  The  motors  had  nominal  values 
of  thrust  *  500  lb,  L  ■  100  and  contraction  ratio  (combustion  chamber 
crops  -  sectional  area/aostle  threat  area)  ■  IB,  Tha  expansion  ratioa  of  tha 
nmtlaa  (nozzle  exit  area/nozzle  throat  area)  were  7 ,'i  for  the  rocket  motor 
employed  far  the  Investigation  at  1000  psla  combustion  pressure  and  10.4 
for  the  rocket  motor  employed  for  the  investigation  at  1500  psla  combustion 
presaurai  those  expansion  ratios  were  elightly  lower  then  tha  optimum 
values,  but  for  both  nosslas  the  loss  in  thrust  coefficient  dye  to  underex- 
psnslon  was  calculated  to  be  leas  then  0.  1  per  cent,  The  injectorn  were  of 
the  triplet  type  with  eix  impingement  point*|  at  each  impingement  point  two 
oxidizer  streams  Impinged  on  one  fuel  stream.  A  turbulence  ring  was  lo¬ 
cated  about  0.  25  in.  beyond  the  Impingement  points.  The  diameters  of  the 
injector  orifices  were  tho  same  for  both  of  the  rocket  motorti  and  the  in¬ 
jection  pressure  drops  were  approximately  140  psi  for  both  he  fuel  and  the 
oxidizer  at  a  mixture  ratio  of  2,2.  Each  rocket  motor  employed  a  helical 
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cooling  p;»s*Agr  in  the  wall  of  the  stainless  steel  chnmber  and  in  the  wall 
of  the  copper  noetic,  and  a  coolant  passage  was  alao  provided  in  the  fur- 
bulence  ring.  Water  was  the  coolant  in  all  of  the  experiments  except  for 
one  experiment  at  1000  p»i,»  combustion  pressure  in  which  the  no/vle  was 
regeneratively  cooled  by  the  fuel  (ammonia!  and  one  experiment  at  1000 
psia  in  which  the  noxxle  was  regeneratively  tooled  by  the  fuel  and  the 
combustion  chamber  and  the  turbulence  ring  were  regime  rat  ivrly  tooled 
by  the  oxidise r  (RFNA).  A  more  detailed  description  rtf  tl'.e  two  ro<  kc-i 
motors,  together  with  a  drawing  of  one  of  thr  rocket  motors,  is  presented 
in  Appendix  B, 

The  propellant  feed  system  am'  the  toolant  fe.*d  system  were  the  same 
ones  employed  for  the  investigation  of  WFNA  and  JP-4  st  1500  psia  i  om - 
bustlon  pressure  reported  in  Reference  .1  except  that  different  metering 
orifices  were  used  for  measuring  the  propellant  flow  rates  and  a  different 
method  for  igniting  the  propollnnta  was  utlli/.ed.  For  the  at  id-ammonla 
experiments  ignition  was  obtained  by  placing,  prior  to  each  run,  about 
b  in.  of  I  /B  -  in,  tliuuinlai  lithium  wire  in  the  ammonia  line  between  the 
propellant  valve  and  the  rocket  motor;  when  the  flo-ir  of  liquid  anmtonif 
started  the  lithium  dissolved  msking  the  ammonia  fust  entering  the  com¬ 
bustion  chamber  hypergollc  with  the  nitric  acid.  In  alt  of  *hr  runs  with 
water-cooling  the  ammonia  was  supplied  to  the  rot  krt  motor  at  the  ambient 
temperature  in  the  test  cell  (h0°F  to  80°F’. 

The  ammonia  used  in  the  investigation  was  commrrt  lal  anhydrous 
ammonia  containing  99.5  per  cent  NHy  The  white  fuming  mfrn  at  id 
(WFNA)  was  specified  when  purchased  to  contain  not  less  than  9B.  5  per 
cent  IINOj,  and  the  rod  fuming  nitric  a;  id  (RFNA’,  vrni  specified  to  be  in 
accordance  with  government  specification  MPD-118-A  (i5%  ji_  1%  N^O  , 
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2%  1  0,  5*  HzO,  HO,  0%  to  S3.  5%  HNOj,  0.  5%  +  0.  1%  HF,  0.  1%  maximum 
it  olid*),  No  analyse*  Wfr*  matin  to  check  the  roinpo<|lH'>n  of  the  arid*,  but 
the  specific:  gravities  were  found  to  correspond  to  thn  specified  percentage* 
of  end  H^O. 

The  instrumentation  wee  the  same  •«  that  employed  for  thn  teat*  of 
WFNA  and  JP-3  at  1500  pet*  reported  in  Reference  4,  Flow  rate*  whip 
measured  with  orifice  meter*  and  the  thrust,  the  pressure*,  anri  the*  dif¬ 
ferential  preeeuro*  were  measured  with  Wlanrko  pickups  *nri  recorded  on 
Brown  "  Lie  1 1  ronlk  "  etiip-chert  recorders.  The  coolant  temperature*  w»rs 
measured  by  lrun-i  on*  I  ant  an  thermocotipie  s  end  were  recorded  on  Brown 
strip-chart  recorders. 

During  each  run  the  mixtura  ratio  was  varied  in  step*  while  the  com¬ 
bustion  pressurs  was  maintained  near  t),.  desired  level  of  either  1000  pula 
or  1500  pa  I  a .  The  requited  variations  in  the  propnllsnt  flow  cate*  were 
obtained  hy  raising  the  propellant  tank  prenaurs*  anti  by  operating  throttle 
valves  in  the  propellant  feed  llnesj  the  valves  ware  remotely  situated  hy 
an  upnrstor  who  was  guided  In  making  the  adjustments  hy  meter*  indicating 
the  propellant  flow  rate*  and  tha  combuatton  pressure.  After  establishing 
each  mixture  ratio  the  rot  ket  motor  was  permitted  to  run  for  10  to  £0  seconds 
with  no  further  adjustment*  of  either  ths  tank  pressures  or  the  throttle  valves 
thus  giving  steady-state  operation.  Ordinarily,  it  was  possible  to  hold  the 
combustion  pressure  to  within  30  pal  of  the  deslretl  value,  but  greater 
deviations  sometimes  oc  curred  because  of  limitations  in  the  control  appara¬ 
tus;  some  of  the  measurements  reported  herein  wrre  thrrefore  obtained  at 
combustion  pressures  differing  by  as  much  as  90  pal  from  the  nominal  value* 
of  either  1000  paia  or  1500  psis. 
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EXPERIMENTAL  PERFORMANCE 

The  performance  and  heat  transfer  data  obtained  from  all  of  the  experi¬ 
ments  in  which  valid  measurements  were  made  are  tabulated  in  Appendix  E. 
Each  value  tabulated  is  the  average  value  measured  during  at  least  five 
seconds  of  steady  operation.  Values  of  the  estimated  errors  in  the  measur¬ 
ed  values  of  performance  and  heat  transfer  aia  presented  in  Appendix  F. 

The  measured  values  of  specific  impulse  Ig,  specific  impulse  corrected 

4< 

for  heat  transfer  I  ,  characteristic  velocity  c  ,  and  thrust  coefficient  Cp, 
are  plotted  as  a  function  of  mixture  ratio  (mass  flow  rate  of  oxidizer/mass 
flow  rate  of  futi)  in  Figures  1  through  7.  The  values  of  specific  impulse 
corrected  for  heat  transfer,  Ig  ,  were  obtained  by  adding  to  the  measured 
specific  impulse,  Ig,  the  additional  specific  impulse  which  it  was  calculated 
would  be  obtained  if  there  were  no  heat  transfer  to  the  rocket  motor  walls. 
The  added  specific  impulse  was  a  maximum  of  6.  5  lb^..  sec/lb^  for  the 
maximum  heat  transfer  rates  which  were  obtained  in  the  tests.  The  defi- 
nitions  and  formulas  used  in  computing  Ig,  c  ,  and  Ig  are  presented 

in  Appendix  C. 

Also  plotted  in  Figures  1  through  7  are  curves  which  show  the  percent¬ 
ages  of  the  theoretical  {frozen  composition#  performance  values  which  were 
found  to  best  fit  the  experimental  data  over  the  mixture  ratio  range  from 
1.0  to  3.4.  The  theoretical  performance  values  from  which  these  curves 
were  obtained  were  extrapolated  from  the  theoretical  (frozen  composition) 
performance  values  presented  in  Reference  5  for  combustion  pressures  up 
to  800  psia;  the  method  of  extrapolation  in  described  in  Appendix  D. 

As  can  be  seen  from  Figures  1  through  7  the  performance  obtained 
with  RFNA  as  the  oxidizer  was  substantially  the  same  as  the  performance 
obtained  with  WFNA  as  the  oxidizer.  The  highest  values  of  I  and  c*  were 


CON.' UjENTIAL 


6 


CONFIDENTIAL 


obtained  at  mixture  ration  between  2,  0  and  2.  3.  The  meaemed  values  of 
l,i  1,^,  c  and  Cp  at  a  mixture  ratio  of  2.  0,  as  given  by  the  fitted  curves, 
together  with  the  corresponding  percentage*  of  the  theoretical  performance 
were  ae  follow*! 


TABLE  1 

Measured  Performance  Value*  at  r  ■  2.0  and  the 
Corresponding  Percaniage*  of  th"  Theoretical 
(Froaen  Composition)  Performance  Value* 


Performance 

Parameter 

Performance 
at  1000  peia 
Combustion  Pressure 

Performance 
at  1300  paia 
Combustion  Pressure 

237  lb>>  *ee/lb 
i  m 

244  lb/  icc/lb 

9  1  per  cent 

91  per  cant 

242  lb^-  sec/lbm 

250  lbf-  aec/lb 

93  per  cent 

93  per  cent 

♦ 

C 

4980  ft/eec 

5040  ft/sec 

91  per  cant 

93  per  ennt 

cr 

1.  33 

1.36 

97  per  cent 

96  per  cent 

The  values  of  !  ,  and  r_  tnr  the  iwn  1000  nsla  teat*  j*itK  reseniira- 

(I  '  JT  * 

live  cooling  (one  teat  having  regenerative  cooling  of  the  nor.xle  only)  are 

* 

shown  together  with  tne  values  of  I(,  I#  ,  c  ,  and  Cp,  for  the  1000  peia  teats 
with  water  cooling  in  Figure*  i,  3,  5,  and  7.  A*  shown  in  Appendix  C  an 
Increase  in  th*  value  of  over  the  value  with  water  cooling  approximately 
equal  I,  minus  1^  (ahout  1  lb^  esr/lh^  for  the  1000  pala  runs)  would  he 
expected  for  experiments  with  regenerative  cooling  of  both  the  combustion 
chamber  and  tiie  nozzle.  An  increase  in  I,  of  about  3  lb^  sec/lb^  would  be 
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Figure  1.  Measured  Specific  Impulse  at  1000  psia  Combustion 
Pressure  Compared  with  Theoretical 
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Figure  2.  Measured  Specific  Impulse  at  1500  psia  Combustion 
Pressure  Compared  with  Theoretical 


CONFIDENTIAL 


8 


CONFIDENTIAL 


Ui 

¥i 

-J 

Ol 

a 


4. 

10 


1.0  1.2  1.4  |A  IJ  2.0  2.2  2.4  2.6  2.S  3.0  3.2  3.4 


MIXTURE  RATIO  .  -3* 


Figure  3.  Measured  Specific  Impulse,  Corrected  for  Heat  Trans¬ 
fer,  at  1000  psia  Combustion  Pressure  Compared  with  Theoretical 
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Figure  4.  Measured  Specific  Impulse,  Corrected  for  Heat  Trans¬ 
fer,  at  1500  psia  Combustion  Pressure  Compared  with  Theoretical 
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Figure  5.  Measured  Characteristic  Velocity  at  1000  psia  Com¬ 
bustion  Pressure  Compared  with  Theoretical 
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Figure  6.  Measured  Characteristic  Velocity  at  1500  psia  Com¬ 
bustion  Pressure  Compared  with  Theoretical 
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Figure  7.  Measured  Thrust  Coefficient  at  1000  psia  and  1500 
psia  Combustion  Pressures  Compared  with  Theoretical 
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Figure  8.  Approximate  Pressure  Drops  in  the  Injection  Orifices 
of  the  Research  Rocket  Motors 
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expected  for  experiments  with  regenerative  cooling  of  the  nozzle  only. 
However,  these  increases  in  Ifl  are  not  clearly  shown  by  the  data  since  the 
expected  increases  are  of  the  same  magnitude  as  the  scatter  in  the  measured 
values  of  Is.  The  main  result  obtained  from  the  experiments  with  regenera¬ 
tive  cooling  was  that  regenerative  cooling  with  acid  and  ammonia  was  found 
to  be  possible  at  the  high  heat  transfer  rates  obtained  at  1000  psia  combustion 
pressure.  However,  very  favorable  coolant  velocities  and  temperatures, 
as  well  as  impractically  large  coolant  pressure  drops,  were  utilized  in  the 
experiments  with  regenerative  cooling.  The  ammonia  velocity  in  the  coolant 
passage  of  the  nozzle  ranged  from  140  ft/sec  at  the  entrance  and  exit  of  the 
nozzle  to  240  ft/sec  at  the  throat  of  the  nozzle,  and  the  pressure  drop  in  the 
coolant  passage  of  the  nozzle  was  800  psi  (inlet  pressure  =  2000  psia,  outlet 

pressure  =  1200  psia).  The  ammonia  was*cooled  to  30°F  or  lower  before 

1 

each  rsgcneratively-cooled  test.  The  acid  velocity  in  the  coolant  passage 
of  the  chamber  was  50  ft/sec  and  the  pressure  drop  in  that  coolant  passage 
was  400  psi  (inlet  pressure  =  1750  psia,  outlet  pressure  =  1350  psia).  The 
acid  inlet  temperature  was  79° F. 

The  performance  obtained  with  nitric  acid  and  ammonia  was  lower  than 
the  performance  which  was  obtained  previously  with  WFNA  and  JP-4  em¬ 
ploying  the  same  rocket  motors.  The  maximum  specific  impulse  was  ahout 
4  per  cent  lower  for  the  acid-ammonia  experiments  than  for  the  acid  -  JP-4 
experiments.  The  maximum  c’  and  the  maximum  Cp  were  about  2  per  cent 
lower  for  the  acid -ammonia  experiments  than  for  the  acid  -  JP-4  experiments. 
The  lower  values  of  I8  and  c*  obtained  with  the  acid-ammonia  propellant  com¬ 
bination  probably  indicate  that  there  was  less  complete  combustion  of  the  acid 

«» 

and  ammonia  than  of  the  acid  and  JP-4  since  the  theoretical  performance  of 
the  acid-ammonia  combination  is  one  to  two  per  cent  higher  than  the  theo- 
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retical  performance  of  the  acid  -  JP-4  combination  (aa  approximated  by 
acid -octane;  Cf.  Reference  3). 

Figure  8  shows  the  injection  pressure  drops  as  a  function  of  mixture 
ratio  for  the  rocket  motor  employed  for  the  investigation  at  1000  psia  com¬ 
bustion  pressure;  Figure  8  is  based  on  the  flow  rates  corresponding  to  the 
fitted  theoretical  performance  curves.  The  injection  pressure  drops  were 
approximately  140  psi  for  both  the  fuel  and  the  oxidizer  at  a  mixture  ratio 
of  2.2.  The  injection  pressure  drops  for  the  rocket  motor  employed  for 
the  investigation  at  1500  psia  combustion  pressure  were  about  10  per  cent 
lower  than  the  pressure  drops  shown  in  Figure  8.  The  injection  pressure 
drops  for  the  regeneratively-cooled  experiments,  for  which  the  nozzle 
throat  was  enlarged  (Cf.  Appendix  B),  were  about  200  psi  for  both  the  fuel 
and  the  oxidizer  at  a  mixture  ratio  of  2.  2. 

EXPERIMENTAL  HEAT  TRANSFER 
The  values  of  the  average  heat  transfer  rate  in  the  nozzle  (heat  trans¬ 
ferred  per  second  to  the  coolant  divided  by  the  gas -side  surface  area  of  the 
nozzle)  and  the  average  heat  transfer  rate  in  the  combustion  chamber  (heat 
transferred  per  second  to  the  coolant  divided  by  the  gas-side  surface  area 
of  the  combustion  chamber)  are  plotted  as  a  function  of  mixture  ratio  in 

Pionrps  P  anri  10  TKp  rnrvos  H  r  aurn  in  IPignrpc  Q  anrj  IQ  oKaw  fVo  nppAr 

and  lower  limits  which  include  most  of  the  heat  transfer  values  obtained  in 
the  experiments.  The  large  scatter  in  the  values  of  heat  transfer  can  be 
only  partly  attributed  to  experimental  error  ( Cf.  Appendix  F);  most  of  the 
scatter  represents  actual  variations  in  the  heat  transfer  rates  within  runs 
and  from  run  to  run.  and  it  is  believed  that  these  variations  were  caused 
chiefly  by  the  erratic  deposition  of  solid  material  on  the  motor  walls.  After 
the  first  test  with  each  rocket  motor  a  dark  brown  deposit  appeared  on  the 
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Figure  9.  Measured  Average  Heat  Transfer  Rate  in  the  Combus- 
tion  Chamber  and  in  the  Nozzle  at  1000  p8ia  Combustion  Pressure 


mixture  ratio  , 


Figure  10.  Measured  Ave rage  Heat  Transfer  Rate  in  the  Combus¬ 
tion  Chamber  and  in  the  Nozzle  at  1500  psia  Combustion  Pressure 
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combustion  chamber  and  nozzle  walls  which  varied  from  a  powdery  deposit 
in  the  combustion  chamber  to  a  hard  scale  in  the  convergent  section  and 
throat  of  the  nozzle.  The  extent  and  thickness  of  the  deposit  appeared  to 
change  somewhat  from  run  to  run,  and  the  deposit  was  not  removed  between 
runs.  Since  samples  of  the  deposit  were  strongly  attracted  by  a  magnet  it 
is  believed  that  the  deposit  was  chiefly  iron  oxide  from  the  nitric  acid. 

As  can  be  seen  from  Figures  9  and  10  the  heat  transfer  rates  obtained 
with  RFNA  as  the  oxidizer  were  substantially  the  same  as  the  heat  transfer 
rates  obtained  with  WFNA  as  the  oxidizer.  The  maximum  heat  transfer 
rates,  which  occurred  at  a  mixture  ratio  of  approximately  2.0,  were  about 
2.  9  Btu/in.  •  sec  in  the  combustion  chamber  and  about  7.  0  Btu/in.  sec  in 
the  nozzle  for  the  1000  psia  runs,  and  were  about  3.  5  Btu/in.  sec  in  the 
combustion  chamber  and  about  9.0  Btu/in.  sec  in  the  nozzle  for  the  1500 
psia  runs.  These  heat  transfer  rates  were  about  20  per  cent  lower  in  the 
combustion  chamber  and  about  10  per  cent  lower  in  the  nozzle  than  the 
values  obtained  previously  with  WFNA  and  JP-4  in  the  same  motors.  Differ¬ 
ences  this  great  would  be  expected  since  the  adiabatic  flame  temperature  of 
acid  and  ammonia  is  about  1000°F  lower  than  the  adiabatic  flame  temperature 
of  5200°F  for  acid  and  JP-4. 

The  heat  transfer  rates  in  the  nozzle  obtained  with  regenerative-cooling 
of  the  nozzle  were  within  the  range  of  the  heat  transfer  rates  obtained  with 
water-cooling  of  the  nozzle.  The  heat  transfer  rate  in  the  combustion 
chamber  obtained  with  regenerative -coolit.3  of  the  combustion  chamber 
was  lower  than  the  range  of  heat  transfer  rates  obtained  with  water-cooling 
of  the  combustion  chamber,  possibly  indicating  that  more  solid  was  deposited 
on  the  combustion  chamber  wall  during  the  regeneratively- cooled  run  or  that 
deposits  were  formed  in  the  coolant  passage. 
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CONCLUSIONS 

1.  Water-cooled  rocket  motors  having  nominal  values  of  thrust  =  500  lb, 

$ 

L  =  100  in.  ,  and  contraction  ratio  =  IS,  were  successfully  operated  at  com¬ 
bustion  pressures  of  1000  psia  and  1500  psia  using  the  propellant  combina¬ 
tions  WFNA-ammonia  and  RFNA(15%  NjO^-ammonia. 

2.  The  performance  and  heat  transfer  values  obtained  with  RFNA  as 
the  oxidizer  were  substantially  the  same  as  the  performance  and  heat  trans¬ 
fer  values  obtained  with  WFNA  as  the  oxidizer. 

3.  The  maximum  values  of  the  characteristic  velocity,  the  specific  im¬ 
pulse,  and  the  heat  transfer  rates  were  obtained  at  mixture  ratios  (oxidizer/ 
fuel  by  mass)  between  2.  0  and  2.  3. 

4.  The  maximum  value  of  the  characteristic  velocity  was  4980  ft/sec 
(94  per  cent  of  theoretical)  at  1000  psia  combustion  pressure  and  was 
5040  ft/sec  (95  per  cent  of  theoretical)  at  1500  psia  combustion  pressure. 

The  maximum  value  of  the  specific  impulse  corrected  for  heat  transfer 
was  242  lb^’  sec/lbm  (93  per  cent  of  theoretical)  at  1000  psia  combustion 
pressure  and  was  250  lb^'  sec/lb^  (93  per  cent  of  theoretical)  at  1500  psia 
combustion  pressure. 

5.  The  maximum  value  of  the  average  heat  transfer  rate  in  the  com¬ 
bustion  chamber  was  about  2.9  Btu/in.^-  sec  at  1000  psia  combustion  pres- 

2 

sure  and  was  about  3.5  Btu/in.  *  sec  at  1500  psia  combustion  pressure. 

The  maximum  value  of  the  average  heat  transfer  rate  in  the  nozzle  was 
2 

about  7.0  Btu/in.  •  sec  at  1000  psia  combustion  pressure  and  was  about 
9.  0  Btu/in.  sec  at  1500  psia  combustion  pressure. 

6.  The  performance  obtained  with  acid  and  ammonia  was  2  to  4  per  cent 
lower  than  the  performance  obtained  with  acid  and  JP-4  employing  the  same 
rocket  motors.  The  heat  transfer  rates  obtained  with  acid  and  ammonia 
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were  10  to  20  per  rent  lower  than  the  heat  lrannfer  rntra  obtained  with 
mi  H  and  JP-4. 

7.  The  rocket  motor  employed  in  the  experiments  at  1000  pnia  iom- 
burtion  pressure  was  successfully  operated  with  regenerative  cooling;  the 
fuel  (ammonia)  was  utilized  for  cooling  the  nozzle  and  the  oxidizer  (RFNA) 
for  cooling  the  combustion  chamber.  The  coolant  pressure  drops  were 
R00  psl  in  the  nozzle  and  400  psi  in  the  '0rxlfoUntlon  chamber, 
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APPENDIX  A 
SYMBOLS 

2 

throat  area  of  the  nozzle,  in. 
characteristic  velocity,  ft/sec 
thrust  coefficient 
thrust,  lt>£ 

specific  impulse,  lbf  sec/lbm 

specific  impulse  corrected  to  adiabatic  wall  conditions,  lb^.-  sec/lb^ 
specific  impulse  corrected  to  regeneratively-cooled  conditions, 
lbf-  8ec/lbm 

apparent  specific  heat  ratio  of  the  combustion  gases  in  the  nozzle 

ratio  of  the  combustion  chamber  volume  {from  the  injector  face  to 

the  nozzle  throat)  to  the  nozzle  throat  area,  in. 

flow  rate  of  the  fuel,  lb_/sec 

nv 

flow  rate  of  the  oxidizer,  lb„/sec 

nv 

flow  rate  of  the  coolant  through  the  combustion  chamber  and  the 
turbulence  ring,  lbm/sec 

flow  rate  of  the  coolant  through  the  nozzle,  lbm/sec 
combustion  pressure,  psia 

pressure  drop  ir.  the  fuel  Injection  orifices,  psi 

pressure  drop  in  the  oxidizer  injection  orifices,  psi 

average  heat  transfer  rate  in  the  combustion  chamber,  Btu/in.  •  sec 

average  heat  transfer  rate  in  the  nozzle,  Btu/in.  sec 

total  heat  transfer  rate  in  the  combustion  chamber,  Btu/sec 

total  heat  transfer  rate  in  the  nozzle,  Btu/sec 

total  heat  transfer  rate  to  the  turbulence  ring,  Btu/sec 

mixture  ratio,  oxidizer/fuel  by  mass  (r  =  m0/m 
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Sc  heat  transfer  area  of  the  combustion  chamber  wall,  in.  ^ 

2 

Sn  heat  transfer  area  of  the  nozzle  wall,  in. 

ATC  temperature  rise  of  the  coolant  at  the  butlet  of  the  coolant  passage  in 
the  combustion  chamber,  °F 

AT^  temperature  rise  of  the  coolant  at  the  outlet  of  the  coolant  passage  in 
the  nozzle,  °F 

ATtr  temperature  rise  of  the  coolant  at  the  outlet  of  the  coolant  passage  in 
the  turbulence  ring,  °F 
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APPENDIX  B 

DESCRIPTION  OF  RESEARCH  ROCKET  MOTORS 

t,  Rocket  Mnt° r  Employed  for  the  Investigation  at  1000  psia  Combustion 

Pressure 

The  naval*  of  the  motor  employed  for  the  Investigation  at  1Q0Q  paw  >om 
bullion  pressure  was  the  nmt  nozzle  that  was  employed  for  the  investigation 
of  WFNA  and  JP-4  reported  In  Reference  <1,  Due  to  the  loan  of  copper  from 
‘he  throat  of  the  nozzle  during  the  WFNA  -  JP-4  rune  the  thrust  diameter  at 
the  beginning  of  the  acid-ammonia  investigation  was  0,  69<!  in.  instead  of  the 
design  value  of  0,641  in.  indicated  in  Figure  6,  Reference  A.  During  the 
acid-ammonia  runs  the  throat  diameter  gradually  increased  tn  about  0.698  ip. 
The  mean  diameter  of  the  throat  during  the  runs  was  0.  695  in,  so  that  the 
contraction  i  etiu  for  the  nozzle  was  15.  3  and  the  L*  of  the  roiket  motor  was 
109  in.  ;  the  thrust  of  the  rocket  motor  at  1000  psia  rombustion  pressure  was 
580  II).  The  expansion  ratio  of  the  nozzle  was  7,8,  making  the  nozzle  under - 
expanded  since  the  calculated  expansion  ratio  for  optimum  expansion  to  14,  5 
psia  (the  local  mean  atmospheric  pressure)  was  B.4;  however,  the  calculated 
loss  in  thrust  coefficient  and  specific  impulse  due  to  underexpansion  was 
only  0.  04  per  cent.  The  heat  transfer  area  of  the  nozzle  wall  was  <14.  0  in.  . 
For  the  regenoratlvely-cooled  runs  the  nozzle  throat  was  forced  outward 
with  a  tapered  rod  to  insure  complete  contact  with  th«  filler  i-lock;  this  rr 
suited  in  a  throat  diameter  of  0.767  in,,  and  the  corresponding  contrat  tior. 
ratio  was  1?..  6,  the  L*  was  89  in.  ,  the  thrust  was  7  00  lb,  and  the  expansion 
ratio  of  iho  nozzle  was  6.4,  making  the  nozzle  underexpanded  to  the  extent 
ol  a  0,4  per  cent  loan  in  tbruBt  coefficient  and  epecilic  impulse, 

Wator  was  supplied  to  the  coolant  passage  of  the  nozzle  at  a  pressure  ol 
approximately  1000  psia  and  with  a  flow  rate  of  approximately  I.  <t  lb/sec. 
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The  water  wan  discharged  from  that  coolant  passage  at  a  pressure  of  approxi¬ 
mately  110  pita.  For  the  run*  utililising  ammonia  for  cooling  the  noer.lr  the 
ammonia  entered  the  coolant  passage  of  the  iio**lc  at  a  p.  ,j«ur«  of  about 
<1000  psia  with  a  flow  rnte  of  about  0.91  Ib/aec  and  the  ammonia  was  discharged 
from  that  coolant  passage  at  1  Z 0 0  paia. 

The  rombuation  chamber  waa  the  one  employed  in  the  inveatigation  of 
WFMA  and  JP-4  reported  in  Reference  i,  and  the  turbulenre  ring  waa  made 
to  thm  name  drawingB  aa  the  turbulence  ring  employed  in  the  WFNA  -  a  P-4 
investigation.  I  he  heat  tran*fer  area  of  the  combuatinn  chamber  wall  wai 
A  J  a  i  e. ,  . 

Water  wm  supplied  to  the  coolant  passage  of  the  combuatinn  chamber 
at  a  pressure  of  about  SOO  paia  and  with  a  flow  rate  of  about  1.4  Ih/aec, 

The  water  was  discharged  from  that  coolant  passage  at  a  pressure  of  ap¬ 
proximately  riOO  psia.  The  same  water  then  entered  the  coolant  passage 
in  the  turbulence  ring  and  was  discharged  from  the  turbulence  ring  with  a 
pressure  of  approximately  400  psia.  For  the  run  wi*h  a  eld -cool  mg  of  The 
ioinbust:on  chamber  and  turbulence  ring  the  acid  entered  the  coolant  passage 
of  the  combustion  chamber  at  a  pressure  nf  about  1710  psia  with  a  flow  rate 
of  <f. ,  0  lb/eec  and  was  discharged  from  that  coolant  passage  with  a  pressure 
of  approximately  1350  psia;  the  acid  waa  discharged  from  the  coolant 
pannage  of  the  turbulence  ring  at  1<100  psia, 

The  injector  was  a  new  one  having  the  same  impingement  point  locations 
as  the  iniector  employed  in  the  investigation  of  W FF  \  and  JP-4  reported  ir, 
Reference  <*..  The  new  injector,  however,  had  the  same  manifold  (leHign  and 
the  same  built-in  fuel  valve  as  the  injector  of  the  motor  employed  for  the 
investigation  at  1500  psia  combustion  pressure  ( C.f.  Figure  11).  The  in¬ 
jector  orifice  diameters  were  0.063  in.  for  the  fuel  (6  orifices)  and  0,011  in. 
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f" r  the  oxidizer  (l<i  orifices),  The  ratio  of  the  ength  to  the  diameter  /or 
the  fuel  orifices  wu  l.  5  and  the  ratio  o/  the  length  to  the  diameter  for  the 
oxtriiser  orifice*  wu  3.  1.  The  entrance*  of  the  oxidiaer  orifice*  were 
square  and  originally  the  entrance*  of  the  fuel  orifices  were  chamfered  to 
a  diameter  of  0.  I  in.  In  water  teat*  of  the  injector  {with  atmospheric  back 
pleasure)  the  fuel  stream*  were  observed  to  break  up  rapidly  after  leaving 
the  Injection  orifice*.  .Subsequently  during  the  investigation  of  WFNA  at 
1000  p*ia  combustion  pressure  two  run*  gave  anomalously  low  perfoi  manrej 
since  the  change  in  performance  might  have  been  due  to  an  increase  in  the 
dispersion  of  the  fuel  streams  under  sum*  flow  conditions,  the  chamfered 
entrances  of  the  fuel  orifices  ware  welded  ahut  and  radrllled  to  give  square 
entrances,  The  experiments  with  KFNA  were  conducted  with  the  redrilled 
fuel  orifice*  and  measurements  shoved  that  the  pressure  drop  in  the  re¬ 
drilled  orifices  was  the  same  as  in  the  oiiglna)  oriflcaa.  It  was  found  later, 
however,  that  the  anomalously  low  performance  obtained  in  the  two  runs 
discussed  above  w.n*  not  due  to  changes  in  the  dispersion  of  the  fuel  streams 
but  to  plugging  of  the  oxidiaer  orifices  resulting  from  the  use  of  a  drum  of 
acid  containing  an  exceptionally  large  amount  of  suspended  solids,  The 
anomalous  data  were  discarded. 

.  RoAkflf  Motor  Employed  for  the  investigation  at  I  SCO  Cconuumion 

Pro  s  sure 

Figure  11  presents  a  drawing  of  the  rocket  motor  that  was  employed 
for  the  investigation  at  1500  psia  combustion  pressure.  The  nozzle  of  that 
motor  was  the  same  one  that  was  employed  for  the  investigation  of  WFNA 
and  JP-4  reported  in  Reference  3.  Due  to  the  loss  of  copper  from  the 
throat  of  the  nozzle  during  the  WFNA  -  JP-4  runs  the  throat  diameter  at 
thfl  beginning  of  the  acid -ammonia  investigation  was  0.555  in,  instead  of 
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the  design  value  of  0.530  in.  indicated  in  Figure  li.  ‘luring  the  acid- 
nmmonl*  runs  the  throat  diameter  gradually  increased  ic,  about  0.563  in. 
and  the  throat  became  scored  and  out -nf-round.  The  mi  f.n  diameter  of  the 
throat  during  the  runs  was  0.559  in.  so  that  the  contraction  ratio  for  the 
noaxle  was  18.  0  and  the  L*  of  the  rocket  motor  was  114  in.  ;  the  thrust  of 
the  rocket  motor  at  1500  psia  combustion  pressure  was  370  lb.  The  expan¬ 
sion  ratio  for  the  noaele  was  10.4,  making  the  no*xle  under-expanded  ainre 
the  calculated  expansion  ratio  for  optimum  expansion  to  14.5  psia  was  11,3; 
however,  the  calculated  lose  In  thr-  st  coefficient  and  specific  impulse  due 
to  under -expansion  was  only  0.04  per  cent.  The  heat  transfer  area  of  the 
noaale  wall  was  17,  9  in.  l' . 

Water  was  supplied  to  the  coolant  passage  of  the  noaale  at  a  pressure 
of  approximately  1500  psia  and  with  a  flow  rate  of  approximately  1  .  9  lb/ sec. 
The  water  was  discharged  from  that  coolant  passage  at  *  pressure  of  approxi¬ 
mately  <100  psia. 

The  combustion  chamber  and  the  turbulence  ring  were  made  to  the  same 
drawings  as  the  combustion  chamber  and  the  turbulence  ring  employed  in 
the  investigation  of  WFNA  and  JP-4  reported  in  Reference  3.  The  heat 
transfer  area  of  the  combustion  chamber  wall  was  35.  1  In. 

Water  wa  a  supplied  to  the  ronlanf  passage  of  the  combustion  rhnmher 
at  a  pressure  of  about  1000  psia  and  with  a  flow  rate  of  about  1.  5  lb/snc. 

The  water  was  discharged  from  that  coolant  passage  at  a  pressure  of  approxi¬ 
mately  750  psia.  The  same  water  then  entered  the  coolant  passage  in  the 
turbulence  ring  and  was  discharged  from  the  turbulence  ring  at  a  pressure 
of  approximately  650  psia. 

The  injector  was  the  injector  "G"  employed  in  the  inv-nstigation  of  WFNA 
and  JP-4  reported  in  Reference  i;  the  6  fuel  injection  orifices  were  enlarger] 
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to  a  diameter  of  0,  063  in.  And  tin  12  oxidizer  injection  orifice*,  war*  left 
.it  their  original  diameter  of  0.055  in.  Thn  ratio  of  the  length  to  the  diame¬ 
ter  for  the  fuel  orifice*  wa*  2.2  and  the  ratio  of  the  length  tc  the  diameter 
for  tho  oviclizer  orifice*  wa*  3.3. 

The  propellant  valve  employed  for  the  investigation  of  acid  and  ammonia 
wa*  that  utilized  in  inveitigating  WFNA  and  JF'-4  at  1500  p*ia  combu*tion 
preisura.  Partial-flow  itarta  were  employedt  one  pair  of  propallant  valve* 
opened  and  admittnd  about  one  fourth  of  the  full  flow  rate  to  the  rocket 
motor;  vhen.  after  about  one  second  of  operation  at  partial  flow,  the  second 
pair  of  valve*  opened  end  the  flow  retea  increased  in  a  period  of  about  0,  1 
•  econd  to  their  full  value*.  The  start*  war*  nomsttms*  audibly  rough,  but 
th*  oscillograph  record*  (vilid  to  about  100  cps)  showed  no  overshoot  in  th* 
combustion  praaiure, 
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APPENDIX  C 


DEFINITIONS  AND  FORMULAS  USED  IN  CALCULATING 


PERFORMANCE  AND  HEAT  TRANSFER  VALUES 


The  definition*  n*ed  in  thin  report  for  the  performance  parameter*  I  , 


*  * 

c  ,  and  C.  are  aa  follow*! 


rfi0  +  nhf 


lb/  »ei  /  1  b 
f  '  m 


Pc  \ 


+ 


lbj'  *§c/Tbr 


e  Pc  A, 

or  c  ■  ii,  1739  _ .. — L.  ft/»se 

rf'  i  rh 
l»  I 


CF  B  - 

pc  At 


The  value*  of  average  heat  transfer  rate  in  the  combustion  chamber 


and  in  the  noaale  were  calculated  fromi 


q  *  Q  /s 

c  c'  c 


q  «  Q  /S 
<■  »  u 


The  equation  used  for  calculating  Qc  and  Q^,  ft»  well  a*  U^,  wa* 


derived  a*  follow*! 


Fluid  flow*  through  a  coolant  pa»«age  with  man  flow  rate  rfi,  and 


between  the  inlet,  station  1  and  the  outlet,  station  L,  heat  is  trana- 


lerred  to  the  paanago  at  tin;  rate  of  Q  heat  unit*  per  unit  time.  The 


*  For  notation  see  Appendix  A, 
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flow  in  steady,  and  kinetic  energy  change*  and  height  change*  between 
(itationa  1  and  Z  can  he  neglected.  The  steady-flow  energy  equation 
gives  for  thin  case 

Q  *  th  <h,  -  h,)  (6) 

where  h  in  the  enthalpy  par  unit  mass  of  the  fluid. 

If  the  temperature  T  end  the  praa^ra  P  at  station*  1  end  Z.  are 
measured  then  equation  6  c^n  be  employed  directly  in  the  form 

Q  .  rh  [  hlT^,  P,)  -  MT,,  P,)]  (7) 

If  the  temperature  and  the  pressure  at  station  l  are  measured 
both  with  heat  tranafer  ■  Q  and  w.th  heat  transfer  ■  O,  then  Q  can  be 
calculated  from  equation  7  modified  ns  folluwst  From  equation  7, 
for  Q  »  O 

O  •  m  [  hCr,,  P,)  -  MT,.  P,)]  (H) 


Let  T,  and  P,  be  the  values  of  T,  and  P,  when  Q  «  O  and  let  T, 

‘•o  Z0  it  le 

and  P  j  be  the  values  of  T  ,  and  P  ,  when  Q  «  O,  From  equation  8  It 
followe  that 


MT  .  P  )  -  MT  .  P  ) 

co  *  o  ‘o 


But  T.  °  T.  and  P.  =  P..  since  the  entrance  conduimia  *in  uul 
o  1  ‘o' 

affected  by  the  rate  of  heat  transfer.  Hence 


h(T,  ,  P,  )  -  h(T,  PI 

Substituting  the  last  relation  into  equation  7  gives 
Q  ■  rti  [  h(T  , .  P.)  -  h(T,  .  P  )] 

“■  u  o 


For  the  experiments  reported  herein  P^  ■- 
expression  ran  be  written 


Hence  the  last 
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c  (P,,  T)  dT 
P  ?- 


T, 

"o 

where  r  is  the  constant-pressure  specific  heat  of  the  fluid. 

relation  ca n  be  approximated  by 

Q  -  rh  c~  (T.  -  T  )  >  m  c~  AT 
P  1  £q  P 


The  last 


where  is  the  value  of  the  specific  heat  at  the  pressure 

temperature  equal  to  T,  +  T, 

_ l‘_y 


P  and  at  a 


Equation  9  wti  employed  for  calculating  Q^,  and  for  the 
rune  with  water-cooling  alnce  in  the  interest  of  simplifying  the  instru 
mentation  the  inlet  temperatures  were  not  measured.  The  cooling 
water  waa  allowed  to  flow  long  enough  before  each  run  to  permit  a 
constant  value  of  T|  to  be  reached,  as  is  required  for  equation  9  to 
lie  valid.  Equation  7  waa  employed  for  calculating  the  heat  transfer 
rates  for  the  runs  with  regenerative  cooling  since  inlet  temperatures 
were  measured  in  those  experiments. 

The  value*  of  specific  impulse  corrected  for  heat  transfer  ( 1^ 

a 

cci.wv.iod  iu  siiiabatu:  wan  conditions  and  I.  corrected  to  regener 

"  r 

at i vo -cool ing  conditions)  were  calculated  from  equations  derived 

as  follows  (the  derivation  is  based  on  that  presented  in  Reference  (»)• 

A.  Temperature  ratio  across  the  noaxlo  with  heat  transfer 

Consider  an  ideal  rocket  motor  in  which  a  perfect  gas  enters  the 

e n * ■»  1  c  at  the  tumpeirtlui  o  i  c,  the  pressure  JP  ,  and  with  the  flow  rate 

m  =  m  +  rh,.  The  gas  has  specific  heats  c  and  c  ,  gas  constant 
o  i  p  v 

R  =  c  -  c  ,  and  specific  heat  ratio  k  =  c  / c.  ,  The  temperature  and 
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the  pressure  at  the  nozzle  exit  are  T  and  P  j  the  pressure  P  is  alno 

B  (I  ^ 

equal  to  the  atmospheric  pressure.  The  entropy  change  of  a  urit  mail 
of  the  gas  as  it  goes  from  the  initial  state  Tc  and  to  the  final  state 
Ta  and  Pft  is  given  by  the  well-known  equation 

T  P 

AS  *  c  In  —  -  R  In  — ? 

E»»  P  x  P 

C  r 


During  the  change  mf  state  of  the  unit  mass  of  gas  an  amount  of  hast 
Q^/m  is  transferred  to  the  surrounding*.  If  the  heat  tranefar  history 
of  the  gas  is  specified,  together  with  T^,  P^,  and  P  ,  then  the  final 
temperature  of  the  gae  T(  Is  determined  with  no  additional  information 
being  needed  about  the  gas  or  the  surroundings.  In  particular,  T#  does 
not  depend  on  the  temperature  of  the  surroundings]  the  surroundings 
can  therefore  have  any  temperature,  If  the  temperature  of  the  surround¬ 
ings  is  at  each  moment  the  same  as  the  temperature  T  of  the  gan,  than 
the  heat  la  transferred  reversibly  to  the  surroundings  and  the  entropy 
change  of  the  surroundings  during  the  change  of  state  of  the  gas  is 
given  by 


AS 


surroundings 


d.a5 

ihT 


But  Aii  ,  ■  A  S  +  A  S  »  O 

universe  gas  surroundings 


d  CL 


if»T 


»  o 


CONFIDENTIAL 


CONFIDENTIAL 


29 


Define  T  by 


d  Q 

n 

mT 


°n 

rfiT 


Than 


Or 


c  In 
P 


T.  B  .  P« 

- — .  a  R  In  — . 


n 

ifT 


R 

<T 

P  P 
( -^ 


m  c_  T 


For  email  value*  oi  Un/m  Cp  T  th«  approximation  can  be  made  that 
Q 

n 

Q 


m  c 


1  - 


rh  c  T 
P 


ThU  approximation  waa  fount)  to  be  accurate  to  within  0.2  per  cent  for 

the  valuee  of  Q  ,  rtt,  c  and  T  encountered  in  the  ar  id-arrvnnnla  invaati 
n  p 

gation.  Thua,  the  approximate  value  of  T./T  ia  given  by  the  lation 

®  c 


k-1 

T" 


T. 

T 


P 


1 1  - 


-> 


rfi  c  T 

P 


(10) 


B.  Noaale  exit  velocity  with  hett  tvanater 

Applying  the  ateady-flow  energy  equation  to  the  flow  through  the 
noaale  glvea 

-  =  m  (he  -  hc)  -t  1/2  m  V 


2 


where 

=  t*10  BP®C^1C  enthalpy  of  the  gas  at  the  entrance  of  the  nozzle 
h  =  the  epecific  enthalpy  of  the  gaa  at  the  exit  of  the  nozzle 

ft 
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V  «  the  velocity  of  th-  gn.  at  th=  ca;it  of  the  nozzle 

(Tho  velocity  of  the  gas  at  the  entrance  of  the  nozzle  i.  assumed 


Thus 

Or 


to  be  aero) 

1/2  rh  V2  «  jhc  (T  -  T  )  -  Q 
pc  e  n 


c  T  (1  -_JL 
P  c  ' 


Q 


T, 


~) 


*>  cp  Tc 


<n> 


Substituting  Te/Tc  from  oqi'nlion  10  yieids 


m  c  T  . 

P  c  L 


k- 1 

nr 


p 

*» 

(— i 
p 


j 


1 

V 

J 


(U) 


c.  Temperature  of  Oie  gnj  entering  tha  noaale 

The  enthalpy  of  the  ga»  entering  tha  i.ozale  ia  equal  to  the  enthalpy 
for  adiabatic  equation  cpTCa  (baaed  upon  the  propellant-  entering 
the  combuatlon  chamber  at  aome  standard  temperature)  plu.  any 
enthalpy  added  to  the  prop.llant.  by  regenerative  cooling  of  the  com¬ 
bo. tion  chamber,  turbulence  ring,  and  noaale,  minue  a„y  enthalpy 
taken  from  the  gaa  by  heat  tranafer  'o  tha  combuafion  chamber  and  to 
the  turbulence  ring.  (Subacript  "a"  indicatea  adiabatic  condition., 
subscript  ’r"  Indicatea  conditiona  for  regenerative-cooling,  and  sub- 
—  Pi  '  w  indicate,  condition,  for  water-cooling).  Thu.  the  enthalpy 
of  the  ga.  entering  the  noaaie  for  the  adiabatic  case  (no  heat  Iran. for 
to  the  chamber,  noaale,  or  turbulence  ring)  is 


m  h 


»  rfi  c  T 


(13) 


The  enthalpy  of  the  gaa  entering  the  nozzle  for  the  water-cooled 
(Qc  t  Qfr  tranaferred  from  the  gae  to  the  cooling  water  in  the 
combustion  chamber  and  the  turbulence  ring  and  transferred  from 
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the  ga  a  to  (he  cooling  water  in  the  nozzle)  is 


m  h  ■  ih  c  T 


rn  c  T  -  (Q  +  Q  ) 
P  ra  '■  tr' 


The  enthalpy  of  the  gas  entering  the  nozzle  for  the  regene  ra  Lively  - 
cooled  case  (Qc  4  Qtr  transferred  from  the  gas  to  the  propellant  used 
for  cooling  the  chamber  and  the  turbulence  ring  and  Qn  transferred 
from  the  gea  to  the  propellant  used  for  cooling  the  nozzle)  is 


rfi  h  »  rfi  c  T  t-  in  c  T  -  (Q  4  U,  )  4  (U  4  Q  4  Q  ) 


P  cr 


P  f,  r  tr 


r  tr  n 


rfi  <  T  4  U 


From  equation  15 


r  m  i: 


Combining  equations  14  and  Hi  gives 


T  =  T 


Qc  tQ«r 


I),  Nozzle  exit  velocity  with  water  cooling 

Substituting  T  =  T  in  equation  1^  and  using  the  value  of  Tr 

t  t  w 

from  equation  17  gives 

VZ  it,  4  Q„  I  Q„ 

—  =  r  T  .  (1  -  -I - "  ---)  V 

i  P  r  «*  cp  TCi 


k 


CP  F  ■ 


3c 


ip  T< 


k-  1 
P  “5T 


1  -  X(--) 


where  \  =  T  /T 

w  w 
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F/,  Nozzle  exit  velocity  with  regenerative  cooling 
Substituting  a  Tc  in  equation  12  and  assuming  that  Tc  /T f  a 
T_  /T  (calculated  to  be  correct  within  0.5  per  cent  for  the  acid- 
ammonia  experiments)  gives 


V  P 

7  '  M  '  '  <r  ’ 


me  T 

P  ci 


P 

l  -  >(-2) 

P 


F.  Noa*l*  exit  velocity  with  no  heat  transfer  (adiabatic  conditions) 

Substituting  T_  *  T.  in  equation  12,  (with  ■  O)  and  using  the 
L  ca  n 

value  of  Tr  from  equation  16,  gives 


Va  °n  pe 

—  -  c  T  <1 - — )  J  ■  <~> 

*  r  rf,cPT-r  L  pc 


G,  Equations  for  1„  and  Ij, 

Eliminating  Tr  between  equations  18  and  19  yields 


2  2 

Vr  V  Q„  +  Q.  1Q„ 
r  w  ■  t  r  n 

- -  B - ♦ - 


or  since  V  »  F/m  =  I(J, 


pc 


1  -  (— JL) 

P„ 


fulminating  c„  Tr  betv/een  equations  19  and  20  yieldo 
P  ‘-p 


V  V"  Q  P 

— a-  =  — --  - -  (  v  -  1 )  (  ~) 
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The  value  of  X  employed  for  the  a  rid -ammonia  investigation  was 
1,3I2|  this  value  of  X  corr e spondee]  to  a  heat  transfer  distribution 
calculated  fcr  the  1500  psia  notale  with  Wf'NAand  JP-4  aa  the 
propellants,  For  X  n  1,312,  and  for  the  units  of  1^,  Q,  and  m 
listed  in  Appendix  A,  equations  21  and  22  becomoi 


(22) 


(23) 


The  value  of  k  vised  for  the  acid-ammonia  investigation  was  1,  23. 

The  maximum  difference  between  I.  and  !  for  the  acid -ammonia 

"r  "w 

experiments  was  7.4  lb^'  sec/lbfn  and  the  maximum  difference  between 
I„  and  ls  was  0,9  1  bf*  s ec/l bmj  since  the  value  used  l  >r  X  was  only 
approximate  for  the  acid-.vmmoma  experiments,  the  latter  difference 
could  bo  an  little  an  0.  5  Ibj.-  ser/lb  or  large  as  1.5  lbj‘  soc/lb^ 
for  the  estimated  uncertainty  in  X, 
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APPENDIX  d 

EXTRAPOLATION  Of  THEORETICAL  PERFORMANCE  VALUES  TO 
1000  PSIA  AND  1500  PSIA  COMBUSTION  PRESSURES 

Thu  theoretical  parlorminct  valuee  presented  in  Figures  1  through  7 
for  comparison  with  the  mat  airrnd  performance  value*  war  -  ohtained  by 
extrapolating  the  theoretical  value*  of  performance  baaed  upon  thermo¬ 
chemical  calcuiationa  for  HNO3  and  NH3  preaentod  in  Reference  5.  The 
latter  reference  present*  theoretical  (froaen  composition)  values  of  1R  and 
c*  aa  a  function  0/  mixture  ratio  for  combustion  pressures  of  300,  H00, 

500,  600,  700,  sud  GOO  psia,  baaed  on  an  exit  pressure  of  M.7  psiaj  the 
mixture  ratios  covered  are  1,0  to  3,0  mole  ratio  of  NH3  to  HNOj,  which 
correspond  to  mixture  ratios  of  HNO3  to  NM3  by  mass  of  3,70  to  1 .  A3. 

The  values  of  theoretical  c*  were  extrapolated  to  combustion  pressures 
of  1000  psia  and  1500  psia  by  plotting  the  values  of  e*  from  Reference  5  an  a 
function  of  combuetlon  pressure  from  300  pel*  to  800  pels  and  by  extending 
the  curves  by  free-hand  to  1500  psia.  Since  the  theoretica.  .  of  c* 

Increase  by  no  more  than  0.07  per  cent  per  100  pni  »t  000  psia  combustion 
pressure  ii  was  estimated  that  the  maximum  error  in  the  extrapolated 
values  of  c*  is  0.  2  per  cent.  The  extrapolr.  ed  values  of  c  are  presented 
in  Table  2. 

The  values  of  Cp  at  1000  psia  and  1500  psia  combustion  pressure  were 
calculated,  employing  extrapolated  vi  >f  k,  by  means  of  the  aquation 

for  the  thrust  coefficient  of  an  ideal  >et  motor  which  is 
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The  value*  of  k  used  at  1000  psia  and  1500  psia  combustion  proanuio 
were  extrapolated  for  each  mixture  ratio  from  a  plot  of  k  an  ai  function  of 
combuation  pressure  from  300  paia  through  600  pita.  The  values  of  k  at  300 
piia  through  600  paia  combuation  pressure  were  obtained  by  (1)  plotting 
curves  of  Cj.  as  a  function  of  k,  employing  equation  1,  for  values  of  P#/P 
corresponding  to  Pc  =  300,  400,  500,  600,  700,  and  600  paia  and  Pw  *  14.  7 
psla  and  (Z)  reading  the  value*  of  k  corresponding  to  the  values  of  Op 
(■  1Z,  174  imt  r  )  givan  In  Reference  5,  The  maximum  ''.uriafion  of  k  with 
pressure  was  found  to  lead  to  a  maximum  uncertainty  in  the  extrapolated 
valuea  of  k  of  shout  0.  3%;  the  corresponding  maximum  error  in  Oy.  is 
0,  15%,  The  value*  of  extrapolated  C*.  and  k  are  presented  in  Tables  t.  and 
5, 

Tht<  values  of  theoretical  1(  ut  combustion  preaa":«a  of  1000  paia  anil 
1500  p'tla  were  calculated  from  the  extrapolated  value*  of  c*  anil  I'.y  by 
mean*  of  the  relation  f  -  Cy,  c*/j i.  174.  The  maximum  error  in  I#,  com¬ 
bining  the  extrapolation  error*  of  c*  and  Cy  is  approximately  0,  33%.  The 
values  of  extrapolated  I,  are  presented  in  Table  i. 
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TABLE  2 


Theoretical  (Frozen  Composition)  Performance  of  HNO^  and  NH^ 
Extrapolated  from  Reference  5 


Performance  at  1000  psia 

[  Performance  At  1500  p*ia 

romhuation  pl  enums 

rnniliml  i  on  pr  » 

H  HUTU 

r 

I. 

c* 

c  F 

I 

n 

c* 

tK 

1.233 

?.  37 ,  2 

491  1 

1,  554 

244.  1 

4911 

1 .  599 

L  3-11 

241.  5 

49B6 

1.  558 

24B.  5 

4986 

1 .  604 

1, 42  3 

245.  B 

5060 

1,563 

25  3.  2 

5061 

1.610 

1,  54?. 

250.  0 

5131 

1.  567 

257.  6 

6  1  13 

1.615 

i,  682 

254.  0 

5199 

1.  572 

261.8 

5202 

1 .  6  1 9 

1,  850 

257,  6 

5260 

I.  576 

265.  6 

526' 

1.  62  3 

2.  056 

260,  1 

5299 

1.  579 

26B.  5 

5311 

1.  626 

2.  3  1 2 

256.  4 

5219 

1.  581 

264.  8 

52  32 

1.  628 

.1,  643 

246.  2 

5  0 1  B 

1.  579 

254.  0 

5  027 

1 .  626 

3.  0B3 

2  3  3.  5 

4770 

1 .  575 

240.  5 

4773 

1. 621 

3.7  00 

2  IB.  2 

447  1 

1 .  570 

224.  6 

447  ) 

1.616 

TABLE 3 

Theoretical  (Frozen  Compoa  itiorv)  Value*  of  Apparent  Specific 
Heat  Ratio  k  Extra  polateo  from  Refer-inrr  5 


r 

Vaiuea  ot  k  at 
1000  pnia 
combuation 
prea  aure 

Vaiuea  of 
1500  p* 
rnmhual 
preaaui 

1 .  233 

1.  289 

1.284 

1.  32  1 

1.  279 

1.274 

1.423 

1.  26B 

1 . 26  3 

1. 542 

1.  258 

1.25  3 

1.  682 

1.  248 

1 .  24  5 

1. 850 

1. 240 

1.  2  38 

2.056 

1.233 

1.233 

2  .  3  1  2 

1.  230 

1.230 

2.643 

1 .  234 

1 .  2  34 

3. 083 

1 . 242 

1  ,  242 

3.700 

1 . 252 

1.252 

k  .at 
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APPENDIX  E 

TABULATED  PERFORMANCE  AND  HEAT  TRANSFER  DATA 

Table*  4  through  7  present  the  experimental  performance  and  heat  (runn¬ 
ier  date  which  were  ohtelned  from  *11  of  the  run*  in  which  valid  measurement* 
were  mad*.  Runs  for  which  data  are  nut  presented  in  Tables  4  through  7 
either  were  rune  conducted  for  other  purpose*  than  the  program  reported 
harain  or  were  runs  during  which  a  malfunction  prevanted  the  measurement 
of  valid  data.  The  values  presented  in  Tabloe  4  through  7  were  rounded  off 
from  the  values  computed  by  the  Detatron  digital  computer. 
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Experimental  Data  at  1000  psia  Combustion  Pressure  with  WFNAas  the  Oxidizer 
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APPENDIX  F 

EXPERIMENTAL  ERRORS 

Errors  in  the  measured  values  oi  Pc,  F,  rin0,  m^,  r,  Is>  c  ,  and  Cp 
were  computed  for  each  run.  The  method  employed  for  calculating  the 
errors  in  those  parameters  is  described  in  detail  in  Reference  3,  Appendix 
B.  Briefly,  the  errors  computed  were  the  maximum  errors  due  to  the  com¬ 
bination  of  (1)  the  estimated  error  in  eaich  calibration  standard,  (2)  the  esti¬ 
mated  errors  in  the  values  of  the  orifice  coefficients  and  the  propellant 
specific  gravities,  (3)  twice  the  standard  deviation  of  the  calibration  points 
of  the  force  and  pressure  pickups  (calibrated  before,  and  usually  after,  each 
run)  from  the  least-squares  equation  fitted  to  the  calibration  points,  and 
(4)  the  estimated  uncertainty  in  reading  the  chart  records.  Table  8  lists 
the  largest  error  in  each  parameter  computed  for  any  of  the  runs  and  the 
average  error  in  each  parameter  for  all  of  the  runs;  estimated  errors  in 
qn  and  qc  are  also  listed. 

The  orifice  meters  used  for  measuring  the  propellant  flow  rates  and  the 
coolant  flow  rates  were  calibrated  with  water  both  before  and  after  the  acid- 
ammonia  investigation.  The  acid  orifice  and  the  coolant  orifices  were  cali¬ 
brated  over  the  range  of  Reynolds  Numbers  that  occurred  during  the  rocket 
motor  runs.  The  ammonia  orifice  could  not  be  calibrated  at  as  high  a 
Reynolds  Number  as  was  encountered  during  the  actual  runs;  instead,  the 
ammonia  orifice  was  calibrated  over  a  wide  range  of  lower  Reynolds 
Numbers,  and  the  curve  of  orifice  coefficient  as  a  function  of  Reynolds 
Number  obtained  from  the  calibration  was  extrapolated  to  cover  the  Reynolds 
Number  range  of  the  rocket  motor  runs.  The  values  of  the  orifice  coefficients 
measured  before  the  investigation  began  were  employed  in  reducing  the  per¬ 
formance  and  heat  transfer  data.  The  calibrations  of  the  orifice  meters 
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muds  after  the  investigation  was  completed  were  of  lower  precision  than 
the  original  calibration*;  the  aecond  calibrations  wsin  made  only  for  the 
purpose  of  detecting  any  large  changes  in  the  values  of  the  orifice  coeffi¬ 
cients,  Tho  second  calibrations  had  a  precision  of  about  1  per  cent,  and 
the  values  of  the  coefficients  given  by  the  second  calibrationa  were  within 
1  per  cent  of  the  values  of  tho  coefficients  given  by  the  original  calibrations. 
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TABLE  fl 

Entimated  Errorn  In  the  Measured  Value* 
of  Performance  and  Heal  Transfer 


Parameter 

Maitirrmm 
per  cant 
eirror 

(largest  value 
for  any  run) 

Maximum 
per  cent 

e  -i  or 

(average  value 
for  all  of  the  run*) 

1.  a 

1.  0 

F 

1 .  •> 

0.  9 

,ho 

1.4 

0.  9 

a.  .1 

1.7 

r 

3.  1 

l.  5 

.  9 

,1.  0 

* 

c 

L  i 

4 

CF 

3.  1 

.1.  1 

% 

5.0 

... 

*c 

5.0 

... 
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